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INTRODUCTION 


Of the great amount of work which has been done with fertilizers, only 
a relatively small proportion deals with their effects on the quality of the 
crop. This is especially true of fruits, partly because of the length of 
time required and partly because of the conflicting factors which enter 
into a long-time experiment. 

The material presented in this paper has to do with oranges (Citrus 
aurantium). The quality of this crop may offer an easier subject for 
study than most fruits, as the factors affecting it, such as the percentages 
of sugar and acid, the texture of the fruit as a whole (its specific gravity), 
and the proportions of juice and rind, can be accurately measured. 


HISTORICAL REVIEW 


There have been a number of theories and expressions of opinions put 
forth as to the effect of the usual fertilizers on the composition of oranges. 
Webber (7), basing his conclusions largely on the experience of intelli- 
gent orange growers in Florida, wrote: 


(1) By a proper combination of the various elements used in fertilization one can 
undoubtedly largely govern the quality and flavor of the fruit. 

(2) To obtain a fruit with thin rind, use nitrogen from inorganic sources in moderate 
quantities, with considerable potash and lime. 

(3) To sweeten the fruit, use sulphate of ammonia in considerable abundance, de- 
creasing the amount of potash. 

(4) To render the fruit more acid, increase the amount of potash and use nitrogen 
from organic sources. 

(5) If it is desired to increase the size of the fruit, as is sometimes the case, apply a 
comparatively heavy dressing of nitrogen in some organic form and slightly decrease 
the other elements. In the case of the tangerine and mandarin, where a larger size is 
usually desired, a heavy dressing of nitrogen fertilizers would favor this end, and is 
not objectionable unless carried to excess. 





1 Paper No. 32, Citrus Experiment Station, College of Agriculture, University of California, Riverside, 
Cal. 
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These conclusions were accepted by Rolfs (6, p. 19). Hart (4, p. 565) 
states: 


Closely connected with the subject of soil is that of fertilizers, by the understanding 
use of which almost any kind of orange may be, as it were, manufactured to order. 
Free use of potash thickens and toughens the rind, giving the firmness and durability 
requisite to bear transportation and rough handling, but at the expense of saccharine 
qualities. The latter may be increased and acidulous qualities modified by the use 
of more phosphoric acid. Highly nitrogenous applications give fruit surcharged with 
insipid juice, and cause a lush growth of wood that never properly ripens, inviting 
attacks of insects and fungi. Composts from the barnyard, or those containing much 
decomposing animal matter, must be used sparingly, if at all. The most wholesome 
growth and finest-flavored fruit comes from judicious employment of the best high- 
grade commercial fertilizers. 


The first conclusions based on experimefital work in Florida are 
apparently those of Collison (2). In the valuable report presented he 
has tabulated a large number of analyses of oranges from trees receiv- 
ing high- and low-potash fertilizers and high- and low-phosphoric-acid 
fertilizers. He finds that a high-potash fertilizer does not make a 
sweeter fruit than the low-potash, “contrary to the very general opinion,” 
but that much potash does increase the amount of acid, an opinion pre- 
viously reported by Webber. Collison found further that phosphoric 
acid ‘‘probably had no material influence on the variation in the sugar 
and acid content of the fruit.” Unfortunately, he was unable to obtain 
satisfactory samples from which to draw conclusions in regard to the 
effect of nitrogen. 

The figures on which this paper was based have since been published 
in full (3). 

Colby (1) has made a large number of analyses of oranges grown com- 
mercially. In discussing the results obtained, Hilgard (5, p. 181), after 
discussing the unsatisfactory nature of the experiment (due to poor 
sampling, conflicting factors, and the short period of time), concluded as 
follows: 

The oranges not fertilized (No. 2), those fertilized with potash and nitrogen (No. 8), 
and with nitrate of soda (No. 3) are all about alike, though No. 8 was a little sweeter 
than No. 2. The latter is a pleasant orange, though somewhat lacking in character 
(i. e., sprightliness and tartness). 

In character the oranges from the ‘‘Complete fertilizer’ (No. 10) are above those 
fertilized with nitrate of soda alone (No. 4), and while high in flavor, are not equal to 
those from the superphosphate group (No. 4). 

The highest citrus qualities are possessed by the oranges fertilized with superphos- 
phate alone (No. 4), and next by those from the ‘‘Complete fertilizer’’ (No. 10), and 
both rank high in flavor. 

In sweetness the oranges fertilized with potash and nitrogen (No. 8) and with nitrate 
of soda are above those not fertilized. 

The oranges from the nitrogen and phosphoric acid lot (No. 6) are not as good as 
those from the superphosphate alone (No. 4), and have less character than those not 
fertilized (No. 2). ‘Those from the potash and phosphoric acid lot (No. g) are not of 
as good quality and are more variable than the above. 





1 Reference is made by number to “ Literature cited,” p. 138. 
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From the ultimate analyses of the oranges, Colby found the lowest 
nitrogen content in those samples which had received no nitrogenous 
fertilizer, from which he deduced a lack of nitrogen in the soil. The 
samples not receiving phosphates showed the lowest percentage of 
phosphoric acid, from which the need of a fertilizer of that nature was 
deduced. ‘The percentage of potash was not appreciably affected by 
the presence or absence of fertilizers, showing that potash was not 
deficient in the soil. 


DESCRIPTION OF THE EXPERIMENTAL PLOTS 


The University of California Citrus Experiment Station has maintained 
a continuous fertilizer experiment at Riverside with Citrus trees since 
1907. The experiment is composed of 20 plots, with six trees each of 
Washington Navel oranges, Valencia oranges, Eureka lemons, and Lisbon 
lemons in each plot. ‘The experiment as laid out consists of four tiers of 
plots from east to west and five from north tosouth. The ground slopes 
from northwest to southeast. The soil is not entirely uniform, being a 
fairly light sandy loam at the upper end and considerably heavier, with 
a denser subsoil, at the lower end. Pipe lines are run at the head of each 
tier of plots in order to provide for the independent irrigation of each 
plot. The trees of each plot have been managed as uniformly as possible. 

The plan of the experiment provided for the addition of the same 
quantities of the different elements of fertility, from whatever source 
derived. Every plot receiving a nitrogenous fertilizer, for example, has 
received the same quantity of nitrogen. Up to the end of 1914, the total 
amounts applied to each tree had been approximately 6 pounds of 
nitrogen and potash each, and 12 pounds of phosphoric acid. 


EXPERIMENTAL WORK 


A study of the quality and composition of the fruit was first taken up 
with the crop of 1914. In this work a sample of 10 fruits was taken from 
each tree, and a composite of these fruits taken for analysis. Individual 
records for each tree were thereby obtained. In order to eliminate 
diurnal variations, the sample from one tree of each of the 20 plots was 
picked and analyzed on the same day. In all cases but one the fruit 
from the individual trees of each plot was picked on successive days. 
The Valencia samples of the crop of 1914 were picked on alternate days. 

The samples were first weighed and the specific gravity of the fruits 
taken by immersing them in jars of alcohol of varying specific gravity 
until the fruit and liquid were in equilibrium, the specific gravity of the 
liquid being taken as that of the fruit. It was then peeled and ground 
through a food chopper. The ground sample was placed in a double 
cheesecloth bag and pressed in a 2-quart fruit press for 20 minutes. The 
peel, material left in the bags, and juice were weighed; and from these fig- 
ures the percentage of juice was obtained. All other determinations were 
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made on the juice, its specific gravity being determined by a spindle 
and calculated to 15° C. Total sugars, after inversion by Clerget’s 
method, were determined by the Bertrand method, and the sugar calcu- 
lated as reducing sugars. The acidity was determined by titration with 
N/rzo alkali with phenolphthalein and the results expressed as anhydrous 
citric acid. The nitrogen was determined by the Gunning method. 

There was some variation in the results obtained from the different 
trees of a given plot, particularly in the percentage of sugar, but in those 
cases where notable effects were produced by the fertilizer used, as, for 
example, the nitrogen content, the variations were nearly always within 
the limit of experimental error. Table I presents the individual tree 
records of a plot chosen at random, to show the range of variation. 
The plot shown is F, fertilized with stable manure. 


TABLE I.—Composition of oranges from individual trees of a single plot 





Spe- | Phosph > 
— | . . . a sphate | Potash 
cific | Juice. Sugar. 5 Nitrogen. (POs). | (KyO). 


gravity. 











| 


| Percent. | Percent. | Percent. . | Percent. 

o. 88 37-9 10. 74 I. 02 0. 052 
40. 7 10. 40 . 89 : » 050 

39. 8 10. 46 I. 05 ; . O51 

37-3 10. 47 -97 ; . 052 

42.1 9. 09 - 94 , . 052 

40. I g. 18 - QI ; - 052 








39. 6 10. 06 - 96 «Its . 052 




















For the sake of brevity the data have been compiled by plots, the 
figures presented being merely the averages of the individual tree rec- 
ords obtained. These averages have been assembled with a view to 
facilitating comparisons of the effect of different fertilizers. In Tables 
II and III are presented the data from the check plots, those treated 
with nitrogen, potash, or phosphates only, and the complete-fertilizer 
plots. 

Under the conditions of this experiment, neither potash nor phosphate 
exercised any effect on the sugar content, but nitrogenous fertilizers, 
alone or in combination with potash and phosphate, depressed the sugar 
content. Averaging the figures for sugar in the two crops of each va- 
riety, the potash plots show 9.37 per cent, the check plots 9.36 per cent, 
and the phosphate plots 9.25 per cent. These variations are all within 
the limits of analytical error. The plots treated with nitrogen alone and 
those treated with complete fertilizer contained 8.85 per cent and 8.81 
per cent, respectively, or about 0.5 per cent less than the other plots. 
This is a recognizable difference and constant enough to be ascribed to 
the treatment. It is interesting to note that the effects are greater in 
the 1915 crops, which were harvested about two months later, than in the 
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1914 crops. This indicates that nitrogen produced an effect other than 
that of merely delaying the time of maturity. 

The percentage of acid shows the same kind of variation, but in the 
opposite direction. The check, potash, and phosphate plots contained 
0.92 per cent as an average of two crops of each variety, the three being 
in exact agreement, while the plots treated with nitrogen and a complete 
fertilizer show 0.94 and 0.96 per cent, respectively. While this is an 
extremely slight variation, it is interesting to note that it would still 
further tend to accentuate the lower sugar content in its effect on the 
quality of the fruit. The specific gravity of the fruit varied slightly, 
averaging for the four crops as follows: Potash 0.92, phosphate o.91, 
check 0.91, nitrogen 0.90, and complete fertilizer 0.90. This confirms 
the popular contention that potash fertilizers produce a finer fruit and 
nitrogen a coarser one. The percentage of juice varied with the specific 
gravity, the averages being 49.2 for potash, 49.2. for controls, 48.2 for 
phosphate, 47 for nitrogen, and 47.4 for the complete fertilizer. 

The quantity of nitrogen present in the juice of the fruit is definitely 
correlated with the application of nitrogenous fertilizers. In every case 
the fruit from plots to which nitrogen has been applied shows an increased 
percentage of nitrogen. This would seem to corroborate the figures on 
yields, which show nitrogen to be a limiting factor in crop production in 
this experiment. 


TABLE II.—Composition of navel oranges fertilized differently 





Crop of 1914. Crop of 191s. 





Fertilizer and plot. ‘ 
Specific 


gravity. Juice. 





Per | Per | Per | Per 
cent.| cent. | cent. 
Dried blood, plot C.............] & . \ : . 0.89 | 40-4] 10.11 | 0.98 
Nitrate of soda, plot H P 5.5 . 3 ‘ -87 | 38.2 9-26] .94]| -137 
Dried blood, plot S e . \ ’ . +88} 40.7] 10.05} .99] «227 














-88 | 39.8 9-81 | .97| -128 





Sulphate of potash, plot D......} - . .65 | t- . +91 | 44-4] 10.92] -97| -086 
Muriate of potash, plotI........) - . ‘ . ‘i +92 | 45-0] 10.46 
Sulphate of potash, plot R......) - s .04 | I F -90 | 43-9 9-92 








Average. +9 | 46.1 | 9. ; -ot | 44-4 10. 43 | 





Steamed bone, plot E ‘ i .69 | I ‘7 -90 | 42-9] 10.82 
Superphosphate, plot J.........) + -5 | 8&79| 2 ‘ -90 | 40.13 | 10.41 
Superphosphate, plot N......... ° . i i +89 | 41-7 10. 12 
Steamed bone, plot P - ks > s > -89 | 41-4 10. 47 











Average . 3 \e . e +90 | 41-5 Io. 46 








Complete fertilizer, plot A ‘s " . " ‘ -88 | 41-7 9- 46 
Complete fertilizer, plot Q ° 44 > I. -88 | 41.1 





Average ‘ > > . +095 -88 | 41-4 


Check, plot B 
OT 2 ee reer 
Check, plot T 














Average 
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TABLE III.—Composition of Valencia oranges fertilized differently 





Crop of 1914. 


Crop of rors. 




















































































































| | | 
Fertilizer and plot. Spe- | . | . 
cific me, -. | Nitro- | Specific ae peer : itro- 
grav- Juice. Sugar.| Acid. | gen. | gravity. Juice.| Sugar. | Acid. gen. 
ity. | | 
i | | —— 
Per | Per | Per | Per Per | Per | Per | Per 
cent. | cent. | cent. | cent. cent.| cent. | cent. \cent, 
Dried blood, plot C............. 0-92 | 52-5 | 8.68] 0.97 | 0.116 0.92 | 53-6} 8-37] 0.66] 0.128 
Nitrate of soda, plot H.......... +92 | §2-0 | 8.40] 1.01 130 -or | 52-8] 7.01] «74] +139 
Dried blood, plot S.............. -89 | 47-4 | 7-84] +97 124 -91 | 48.9 9-26} «78 | .14r 
nd 1 
IR sis icckies ces ke cde | -ot | 50.6 | 8.31 98 | «123 | gt} 51-8| 8.21] .73] .136 
Sulphate of potash, plot D...... 94 | 53-3 | 9-04] -98 | .089 +95 | 55-3 | 9-09 | .60] .080 
Muriate of potash, plot I........ -92 | 52.0] 859] .97 +095 -94| 56:7] 9-28! .67] .094 
Sulphate of potash, plot R...... +90 | 49-4 | 8.22] .96 | +107 -92 | 53-8 8.94 .67]| .099 
DR es isise ies Seanceee -92 | 51-6 | 8.62 -97 +097 +94! 55-3 | 9-10 | -65 | .ogr 
Steamed bone, plot E........... -9I | 52-5 | 8-66] .92 +095 +93 | 53-3 9-16] .64]| .108 
Superphosphate, plot J.......... -9t | 50.1 | 846 | .96 . 108 -94 | 54-8 9-39 | -68] «119 
Superphosphate, plot N......... -9I | 51.0 | 8.24] .90 - 089 +93 | 53-0 8.95 | -67] «115 
Steamed bone, plot P........... +90 | 50.0] 7-99] .94 - 110 +92 | 50.8 | 9-07] .7n | 114 
IR ect os cnaae -91 | 50.9 | 8.34] -93 or -93 | 53-0 | 9-14] -68 | +113 
Complete fertilizer, plot A +93 | 53-9 | 807 | 1-01 124 +92 | 53-1 7-93 | -76| ~14% 
Complete fertilizer, plot Q.......| «89 | 47-5 | 7-84 | 1-00 130 -9t | 48-5 gor | «81 | .146 
TE Creme -or | 50.7 | 7-96 | 1.08 127 -92 | 50.8 | 8.47 74 | 144 
ere eee -92 | 53-0 | 8.89 | 1.02 +088 +92 | 55-9 8.58 65 o7I 
SS | Se er ee -9r | 51-8 | 8.39] -94 +094 +93 | 56.1 8.75 | .67 | -095 
ee rer -90 | 49-1 | 8.26] .99 +104 +94 | 53-6] 10.00] .65] .103 
BIR 6s cakssabxeSeeane gr | 51-3 | 851 | .98 +095 +93 | 55-2 9-11 | .66 | +090 




















To show still further the specific effect of the nitrogenous fertilizers, 
Tables IV and V have been prepared, in which the plots receiving nitrogen, 
either alone or in any combination, are grouped together and contrasted 
with all the plots not receiving that element. 


TABLE IV.—Comparison of navel oranges fertilized with and without nitrogen 


CROP OF 1914 


























Fertilized with nitrogen. Not fertilized with nitrogen. 
T 
\Specific ,.. -,| Nitro- Specific! ,..; :, | Nitro- 
Plot. gravity. Juice.| Sugar. | Acid gen. Plot. gravity. Juice. | Sugar. | Acid. gen. 
P.ct.| P.ct. | P.ct.| P.ct. P.ct.| P.ct. | P.ct.| P.ct. 
Ricpatsssascn 0:90 | 47-3 06.) SoSE 1 CORE Benvsesccivas 0.90 | 47-3 9-04 | 1-11 0. 087 
Sedan vis ses orc -or | 47-1 9-28 | 1.09 2 Se +92 | 45-5 9-65 | 1.08 +076 
eee +90 | 44-7 9-08 | 1.13 3S See +90 | 46.9 9. 69 | I-01 +082 
Bee +90 | 46.0 9-01 | 1.02 et er ee ee +91 | 46.9 9:44 | 1-11 +075 
RR ee +90 | 45-5 9-11 | 1-09 ME TBs i cccnsicvde +90 | 47-5 8.79 | 1.08 O81 
Mk a kipwaneeac +90 | 47-2 8.75 | 1-09 | ree -90 | 47-8 8.98 | 1.13 -069 
Ms tacverveaed +89 | 43-2 9-16 | 1.14 SL eee «89 | 46.9 9-04 | 1.07 +084 
+89 | 44-8 9-05 | 1.13 | eer +89 | 47-0 9-00 | 1.10 +070 
iteasaskentia +88 | 44-6 8.86 | 1.13 ee) | J +90 | 47-8 9-14 | 1-13 +082 
DM crivaveses +89 | 45-9 9-04 | I-12 +081 
Picesanieed -88 | 45-8 9-47 | 1.12 -082 
Average. . +90 | 45-6 9-04 | I-10 +094 Average. +90 | 46.8 9-21 | 1.10 +079 
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TABLE IV.—Comparison of navel oranges fertilized with and without nitrogen—Contd. 


CROP OF 1915 









































Fertilized with nitrogen. Not fertilized with nitrogen. 
Specifi | | Ni eae Specifi Ni 
Specific) y..; " -4| Nitro- pecific),; : itro- 
Plot. gravity.| Juice. Sugar. | Acid. gen. Plot. gravity. Juice.) Sugar. | Acid. gen. 
soe | 
0. 88 | 41-7 ol ool eased F Bick ccccccc (2) (a) (2) (a) (2) 
+89 | 40-4] 10.11 ° ye See 0.91 | 44-4 | 10.92 | 0.97 0. 086 
-88 | 39-6] 10.06] .96 cs ee +90] 42-9] 10.82] .90 +093 
+87 | 38.0 9-62 | 1.01 + 132 || EERE ee +92 | 45-0 | 10.46] .96 +093 
-87 | 38.2 9- 26 +94 +137 |} ivawnteuseas +90 | 40.1 10. 41 -97 . 
88 | 41.1 9: 73 +94 Ff +89 | 43-4 9-98 | I.00 +112 
-87 | 37-5 10.08 | I.o1 SOE Bee cvcessess +90 | 43-1 10. 23 -98 +096 
+88 | 41-1 9-99 | I-00 +124 | ee seneseews +89 | 41-7 10.12 | 1.02 +097 
+88 | 40.7 | 10.05] .99 +117 || FE -89 | 41-4] 10.47] ~98 +097 
YY ae +90 | 43-9 9-92 +97 081 
| vakeicuiees +90 | 43-6| 10.80] .92 -087 
} nore | 
Average.. 88 | 39-8 | 9. 82 | +98 +122 || Average. +90] 43-0] 10.41] .96 +094 


























@ No analysis because of failure of the crop. 


TABLE V.—Combarison of Valencia oranges fertilized with and without nitrogen 


CROP OF I9I4 



































Fertilized with nitrogen. Not fertilized with nitrogen. 
Specifi Nitro- | Specific] | Nit 
pecific|,... : itro- Specific), ; . | ant itro- 
Plot. gravity. Juice.| Sugar. | Acid. gen. Plot. gravity. Juice.| Sugar. | Acid. gen. 
| 
P.ct.| P.ct. | P.ct.| P.ct. P.ct.| P.ct. | P.ct.| P.ct. 
0-93 | 53-9 8.07 | 1-01 | 0.124 0-92 | 53-0 8.89 | 1.02 o. 088 
+92 | 52-5 8.68] .97 +116 +94 | 53-3 9-04 | .98 +089 
+92 | SI-I 8.27 -98 +117 +OI | 52-5 8. 66 +92 +095 
+92 | 52-3 8.35 | -97 +119 +92 | 52-0 8.59 | +97 +095 
+92 | 52-0 8.40 | I-01 +130 +91 | 50.1 8. 46 +96 +108 
+92 | 51-6 8.05 | 1-02 +132 +QI | 51-3 8.15 +92 +097 
+89 | 49-5 8.07] .96 +118 -Or | 51-8 8.39} -94 +094 
+89 | 47-5 7-84 | I-00 +130 +9I | 51-0 8.24 +90 +089 
+89 | 47-4 7-84] +97 +124 +90 | 50.0 7-99) +94 +110 
+90 | 49-4 8.22 +96 +107 
+90 | 49-1 8.26 | .99 +104 
Average.. +91 | 50-9 8.17] -99 +123 Average. +QOL | 51-2 8.44] +95 +098 
e CROP OF I9I5 
0-92 | 53-1 7-93 | 0-76] o.14r || B 0-92 | 55-9 i. @ 58 | 0.65 0.071 
+92 | 53-6 8.37 | .66 -128 || D... +95 | 55-3 9-09 | -60 ° 
+92 | 52.5 8.67} .71 tag || BE... +93 | 53-3 9-16 | .64 +108 
+92 | 52-4 8.40] -75 +143 || I.... +94 | 56-7 9-28 67 +094 
-9I | 52-8 7-01 74 339 |i J.... -94 | 54-8 9-39 68 +119 
+92 | 52-6 7-79 | +72 -148 || K... +92 | 53-2 8.19 | -69 +108 
+92} 49-9] 886] .75 +135 || M... +93 | 56-1 8.75 | -67 +095 
+91 | 48-5 g-or| .8r +146 || N... +93 | 53-0 8.95 | -67 +IIr 
+9I | 49-0 9-26} .78 141 || P... 92 | 50.8 9-07 -71 +114 
R 92 | 53-8 8.94 67 +099 
T +94 | 53-6| 10.00] .65 +103 
Average.. +92 | 51-6 8.37] -74 +138 Average. +93 | 54-2 9-04 | -66 +100 
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The averages of all plots receiving nitrogen agree closely, whether the 
nitrogen was applied singly or in combination with other fertilizers, as 
shown by Table VI. 


TaBLE VI.—Average composition of oranges when fertilized with nitrogen alone and in 











combination 
Fertilizer. —_ Juice. Sugar. Acid. Nitrogen. 
Per cent. | Percent. | Percent. | Per cent. 
Checks. 0... ccccsesccnsccssceees 0. OI 49. 2 9. 36 0. 92 0. 089 
PUNCOREN DIONE. .. o.oo. ss oc esses . 90 47.0 8. 85 - 94 ee: 
Nitrogen with other fertilizers. .... -9o 47.0 8. 84 -95 . 119 




















It may be concluded, then, that nitrogen exercised a definite influence 
on the composition of the crop, whether applied with or without other 
fertilizers. 

The average composition with and without potash is shown in 
Table VII. 


TABLE VII.—Comparison of the averages of all plots receiving potash and those not 
receiving potash 


























Fertilizer. : 0 Juice. Sugar. Acid. Nitrogen. 

Percent. | Percent. | Percent. | Per cent. 
ROR oS Ssssicancahros Sonn swanaircaeias 0. gI 49. 2 9. 36 0. 92 0. 089 
OR Te MEP Te OT 48. 5 Q. 02 - 94 . 105 
iS a eer . QI 47.6 Qg. 12 - 93 . 105 





These averages are somewhat lower than those of the plots receiving 
potash only. This, however, does not necessarily indicate that the 
percentages (of sugar, for example) have been increased by the use of 
potash alone as compared with potash in combination with other ferti- 
lizers, but rather that the depressing effect of nitrogen appears in the latter 
case. This is more clearly shown by contrasting the average of plot L, 
which received potash and nitrogen, with plot R, which is nearly adjacent 
and received potash alone. The average percentage of sugar in the fruit 
from plot L was 8.58, somewhat lower than that of the plots fertilized 
with nitrogen only, while R showed 9.03 per cent. 

On the whole, then, Table VII, when considered in conjunction with 
Table VI, lends but little support to the view that potash fertilizers mate- 
rially modify the composition of oranges. A careful study of the data 
in Tables II and III will likewise show but little effect from phosphate. 
It is only fair to state, however, that this soil is naturally well supplied 
with both potash and phosphate, and therefore conclusions should not be 
drawn with reference to the effects of potash and phosphate fertilizers 
on the composition of oranges generally. 
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EFFECT OF SOIL DIFFERENCES 


Since the most evident contrast in soil type met with in these experi- 
ments occurs in the extreme upper and lower tiers of plots, where the fer- 
tilizer treatments have been duplicated, it is of interest to compare the 
composition of the fruit in the two cases. Such a comparison should 
throw some light on the question of whether or not the variability of the 
soil was great enough to vitiate the results in general. As already stated, 
the soil in the upper tier of plots is lighter in character than that in the 
lower tier. 

The data for the upper and lower tiers of plots have been assembled 
in Table VIII. 


TABLE VIII.—Composition of oranges from light and heavy soil 


NAVEL ORANGES, 1914 





Light soil. Heavy soil. 











































































































| | | | 
Specific! te/s | , <4 |Nitro- Specific ,.: ‘ ., |Nitroe 
a - ‘ 5 : a : se.) § . Acid. 
Plot. jereviey | Sugar. | Acid gen. Plot sravity. Juice. Sugar. Acid wae, 
| al aw a aa: alia | 
| | 
P.ct.| P. ct. | P.ct.| P. ct. | P.ct.| P. ct. | P. ct.| P. et. 
a Vdinaddnatans 0-90 | 47-3 9-06 | I. 11 |o. 087 } Me tekinwsadas 0.90 | 47-8 9-14 | 1.13 | 0.082 
cd kkcboadn cers OI | 47-5 ee ee ge! Aer «89 | 44-8] 9-05 | 1.13 +102 
Micke ceuwenkauns +91 | 47-1 @ 28 | 1.09 | -c88 I] RR... ).. cc c0ee «89 | 45-9 9-04 | 1.12 | .o8t 
Mise css hen << +92 | 45-5 o Gg | t-08 | 1076 fl Su... cc eccescs 88 | 44-6 8.86 | 1.13 «102 
a ckawkiunnaaee -90 | 46.9 OOS | 8-08 | C8 |] E. wc ccescsces -88 | 45-8 9-47 | 1-12 | .o82 
| | * eee «heKcest 
Average.. +91 | 46.9 | 9-41 | 1-07 -o81 | Average..| 89 | 45-8 Q-I1 | 1.13 | +090 
NAVEL ORANGES, I9QI5 
Pin ch dande anne | o. 88 | 41.7 9- 46 | 0.98 jo. 126 |] P............. 0-89 | 41-4 10. 47 | o. 98 | 0.097 
i er eee Ne white theres éms-sibuéaceisionsny | Di cickienwices -88 | 41.1 9:99 1.00 -124 
| Pe aaelt A | -89 | 40.4 10. It PO | } +90 | 43-9 9-92] -97 - O81 
BC Rinvonemcaes +91 | 44-4 10. 92 | 1OF eG BP itsescesiceevs +88 | 40.7 10. 05 -99 -117 
, ee eRE AE «90 | AO) 1088] ~90] «OOS T Te vcccccccens go | 43-6] 10.80] .92] .087 
Average.. 90 10t 
0-93 0.110 
+92 +130 
+92 +107 
+94 +124 
+91 + 104 
Average.. +92 +115 
A 0.92 | oO. 114 
: +92 +146 
C... +92 | -099 
Bs « -95 | 55. +141 
E +93 + 103 
Average. . +93 | 54:2 8. 63 - 66 106 Average.. 92 | 51.1 ). 26 72 121 





@ The fertilizers applied to the different plots are given in Table X. 
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The average sugar content for the two crops of each variety is 9.19 
for the upper tier and 9.16 for the lower, showing very close agreement. 
In every case, except that of the Valencia crop for 1915, the individual 
plots of the lower tier (P, Q, R, S, T) show the same characteristics as 
those of the nitrogen plots in general—that is, the fruit from them had a 
lower sugar content, a little more acid, a slightly lower specific gravity and 
percentage of juice, and a higher nitrogen content than that from other 
plots not fertilized. While the data indicate a somewhat richer soil in 
the lower tier of plots, the differences are not sufficiently great to affect 
materially any conclusions that may be drawn from the experiment as a 
whole. 


COMPARISON OF ORANGES FERTILIZED WITH COMMERCIAL FER- 
TILIZER AND ORGANIC MATTER 


The plots in the fertilizer experiment have been kept in clean cultiva- 
tion throughout the experiment. In adjacent plots on the same type of 
soil are trees of the same age which have received large amounts of stable 
manure, together with rock phosphate and a leguminous cover crop. 
The trees on these plots present a thriftier appearance and bear more 
fruit than the trees in the fertilizer experiment. There is a general im- 
pression that the use of a cover crop and organic matter tends to produce 
oranges of coarser texture and poorer quality. Analyses of fruit from 
the cover-cropped plots were made along with those from the fertilizer 
plots. The results obtained do not indicate any great difference, and 
although some variations appear, the closeness of the agreement is rather 
striking, as is shown by Table IX. 


TABLE IX.—Combposition of oranges fertilized with commercial fertilizer and with 
organic matter 









































Fertilized plots. Cover-crop plot. 
Crop. Spe- | 7 Spe- ; 
Ld Juice. | Sugar.}| Acid. > bf Juice. | Sugar. | Acid. og 
ity. ity. 

Navel: Per ct. | Per ct. | Per ct. | Per ct. Per ct. | Per ct. | Per ct.| Per ct. 
a Se 0.90 | 45.7 | 9.13 | I. 10 Jo. 087 | 0.89 | 45.8] 9.15 | 1.05 | 0 104 
eee - 88 | 41.4 [10.12 | .98].108| .86 | 37.8] 9.96] .95] .129 

Valencia: 

Co! eee -Or | §x.2 SO St] .O7 | ter) «on | apg 1 Sgt i .o8,| 208 
RGEC 6 s0050: +93 | 52-9 | 8.69] .70].119] .91} 50.0] 844] .79]| -135 





Two explanations suggest themselves as accounting for the greater 
quantity of nitrogen found in the fruit from plots to which nitrogen has 
been applied. (1) In the presence of a greater quantity of available 
nitrogen in the soil the orange tree is able to absorb this element in 
excess of its needs. (2) The greater quantity of nitrogen was necessary 
for the promotion of more normal growth. It seemed rather improbable 
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that the small quantities being added increased the amount available to 
the tree to a point where it would be taken up in excess. No direct evi- 
dence was obtained, however, since the same quantity was applied in 
each case. 


THE EFFECT OF FERTILIZERS ON THE PHOSPHORIC-ACID AND 
POTASH CONTENT OF ORANGES 

Although this investigation was undertaken primarily to determine 
whether the fertilizers affected those characteristics of the orange usually 
considered in connection with its quality, the results obtained in the 
nitrogen determination suggested that work be undertaken in regard to 
the absorption of other elements of fertility. Accordingly, the phos- 
phoric-acid content was determined in the Valencia crop of 1914 and the 
navel crop of 1915. In the 1915 crop the percentage of potash was 
also determined. Table X presents the results. 


TaBLE X.—Effect of various fertilizers on the phosphoric-acid and potash content of 
Valencia and navel oranges 











Per cent of | 
phosphoric pd a a 
Plot. Fertilizer applied. Welieie acid navel navel 
oranges, oranges, oranges, 
194. 1915. 1915. 

A | Complete, nitrate of soda, blood, bone, sul- 

Re re 0.059 | 0.051 0. 23 
DD RR 05s be aitanes tanec «hw Ga aa Caen eee ee eee (ROE text cdlenkkewas 
Ce P RICMUMNNN frie cp evicsenicceksndedtnaerareeke - 059 | . 052 23 
DD PS OE NON sis. one. oe cee dcncncmecses . 072 OO Taxavar eke 
E ND S35 aol ata gad wy ae wet wo eees . 063 . O51 .22 
i | eI 0520 os sp cc cy cove Che cucaes eens . 056 . 052 «83 
G_ | Nitrate of soda, blood, and steamed bone........ . 055 052 -24 
BE i eee Oe Res vs feces ke caes nosixnoudaaedses . 055 - 053 «24 
Dp inno ckisccne ac ewdsiconex smacks . 061 «MOR Tosanwecas 
DIR cu iccavcckoanscxctecccesens es . 058 | 052 2 
K | Bone and sulphate of potash.................. . 059 | O51 23 
De RSA OT WIE 06, 56o nek ce hie re cencaceeccenenes . 059 . 052 - 23 
Me AGREE cadre tuewis sa%edsooneucants tendesees wa st . 060 . 052 283 
Ee: (| MNO 50.3: cr0a con ¢ inde ne cnn wens web en . 062 - 053 23 
O | Stable manure and raw phosphate rock........ . 055 . 047 - 23 
ae Re eer errr - 057 . O51 ag 
Q | Complete, like A, except superphosphate in- 

SUN CI 0.00655: 6trom: ¥:61oi ind 4.05 MRE les - 057 . 050 - 23 
Se PG MON ON INI is de-60 decinene cescenrewsnds . O55 . 052 .22 
Ve Oo ee ee Tere rr ee . 056 - 050 23 
TE  WMEME he csadren dv Aacincu tien cuxcewtesneakecnny . 059 O51 23 

















There was no increase in the amount of either phosphate or potash 
in the fruit brought about by the quantities applied in this experiment. 
The averages from those plots receiving fertilizers are almost identical 
with those not fertilized. This gives further significance to the increase 
in nitrogen content brought about by nitrogen fertilization and sup- 
ports the view that nitrogen is the limiting factor in the production of 
oranges on this soil. 
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SUMMARY 


(1) Nitrogen is the only fertilizer which in this experiment seemed to 
exercise a specific effect on the composition of oranges. 

(2) Applications of nitrogen to the soil resulted in a slightly lower 
amount of sugar, a somewhat coarser fruit, and a little less juice in the 
orange. 

(3) The effect of nitrogen was the same, whether applied alone, in 
combination with either potash or phosphoric acid, or both. 

(4) The effect of nitrogen was greater in 1915 than in 1914. As the 
crop was picked about two months later in 1915, it would indicate that 
some effect other than delayed maturity was caused by the nitrogen. 

(5) Comparison with fruit from similar trees grown outside the fer- 
tilizer plots shows a fair agreement of composition and quality. 

(6) The analyses show a higher percentage of nitrogen from all plots 
receiving it, while no such effect was obtained with either phosphoric 
acid or potash. 
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TEMPERATURE RELATIONS OF APPLE-ROT FUNGI! 


By CHARLES Brooks, Pathologist, and J. S. CooLty, Assistant Pathologist, Fruit 
Disease Investigations, Bureau of Plant Industry, United States Department of Agri- 


culture 
INTRODUCTION 


The retarding effect of low temperatures on plant activities is a matter 
of general knowledge, and the principle has had a very general applica- 
tion in the storage of fruits. The better preservation of the fruit at low 
temperatures is due both to the slowing up of the activities of the fruit 
itself and to the checking of fungus and bacterial growth. This paper 
deals particularly with the latter phase of the storage problem. An 
effort has been made to carry on the investigations in a manner that 
would make the data of general physiological interest as well as of 
practical value in fruit storage. 


HISTORICAL REVIEW 


Eustace? made one of the first studies of the storage-rot problem 
in this country. Several varieties of apples (Malus sylvestris) were 
inoculated with Alternaria sp., Glomerella rujomaculans (Berk.) Sp. 
and Von Schr., Sphaeropsis malorum Pk:, Penicillium glaucum Lk., 
Sclerotinia fructigena (Pers.) Schrt., and Cephalothecium roseum Cda.; 
and similar inoculations were made on agar petri plates. After two 
months at a temperature that varied from 30° to 33° F. and averaged 
32° Penicillium glaucum had made a good growth on both the agar 
and the apples and Alternaria sp. had made a slight growth on the 
apples. None of the other fungi had produced any growth, but all of 
them developed rapidly when removed to a temperature of 70°. In 
another experiment inoculated fruit and agar plates were placed in a 
storage room in which the temperature ranged from 35° to 56° and aver- 
aged 47°. All of the fungi made a good growth. At a temperature of 
48° to 69° the development of the fungi was still more rapid. 

Schneider-Orelli * made experiments with Gloeosporium herbarum Lk., 
Mucor piriformis Fisch., Penicillium glaucum, Botrytis cinerea Perts., 
Monilia fructigena Pers., Fusarium putrefaciens Osterw., Gloeosporium 
album Osterw., Gloeosporium fructigenum Berk., and Rhizopus nigricans 





1Studies on Fruit Rots and Spots.—I. 

2 Eustace, H. J. Investigations on some fruit diseases. N.Y. State Agr. Exp. Sta. Bul. 297, p. 31-48, 
pl. 1908. ‘ 

8 Schneider-Orelli, Otto. Versuche iiber die Wachstumsbedi m und Verbreitung der Faulnis- 
pilze des Lagerobstes. Jn Landw. Jahrb. Schweiz, Jahrg. 25, Heft 3, p. 225-246. ro1t. Also in Centbl. 
Bakt. [etc.], Abt. 2, Bd. 32, No. 6/12, p. 161-169. 1912. 

Zur Kenntnis des mitteleuropiischen und des nordamerikanischen Gloeosporium fructigenum, 
InCentbl. Bakt. [etc.], Abt. 2, Bd. 32, No. 13/19, p. 4597467. 1912. 
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Ehrbg. He grew the fungi on gelatin in petri plates at temperatures of 
0°, 4.5°, 9.5°, 14°, and 18°C. At the end of 35 davs‘all but the last two 
of these fungi had made a measurable growth at 0°, Botrytis cinerea 
making the most vigorous growth. At 4.5° Rhizopus nigricans and — 
Glocosporium fructigenum had produced small colonies at the end of 35 
days. 

Penicillium glaucum, Botrytis cinerea, Monilia fructigena, and Gloeo- 
sporium album were inoculated into apples and the fruit stored in one case 
at 4.5° and in another at 14° C. The diameter of the rots produced at 
the end of two and three weeks is given. ‘The first three fungi made a 
fair growth at the lower temperature. 

In a later paper Schneider-Orelli' reported. temperature studies on 
different species or strains of Gloeosporium fructigenum. He found that 
the European form had lower optimum, maximum, and minimum tem- 
peratures than the American form. At 5° C. the European form, when 
grown in gelatin in petri plates, produced a colony 0.4 cm. in diameter 
in 12 days and a colony 3.7 cm. in diameter in 35 days, while the Ameri- 
can form had made no growth at the end of 35 days. 

Edgerton” made a study of the behavior of various American species 
and strains of Glomerella. He found that there were two different strains 
of Glomerella on the apple, a rapid-growing southern form and a slow- 
growing northern form. The former had an optimum temperature of 
27° to 29° C. and a maximum temperature above 37.5°, produced scanty 
aerial mycelium in culture, formed cankers on apple limbs, besides rotting 
the fruit, and very commonly produced perithecia on the host and in 
culture. The latter had an optimum temperature of 24° to 25° anda 
maximum temperature of 34° to 35°, produced a greater abundance of 
white aerial mycelium in culture, and apparently did not produce cankers 
on apple limbs, though it rotted the fruit. He thought the former should 
be called ‘‘Glomerella cingulata’’and that the latter should retain the 
name “‘Gloeosporium fructigenum” given by Berkeley. He considered 
the latter fungus probably identical with the European one. 

Ames * determined the germination and growth of Monilia fructigena, 
Penicillium digitatum (Fr.) Sace., Rhizopus nigricans Ehrenb., Glomerella 
vujomaculans, and Cephalothecium roseum at various temperatures. The 
germination tests were made by means of Van Tieghem cell drop cultures. 
At 1° C. only the first two of these fungi germinated within 245 days, 
while at 3° to 4° all but Cephalothecium roseum germinated within 200 
days. The growth of the fungi was tested on bean agar, and in this series 
Penicillium glaucum was substituted for P. digitatum. None of the fungi 
except P. alaucum made any growth at a temperature of 1° to 2° and 





1 Schneider-Orelli, Otto. Op. cit., rgr2. 

2 Edgerton, C. W. The physiology and development of some anthracnoses. Jn Bot. Gaz., v. 45, no. 6, 
PD. 393, 402-403. 1908. 
Effect of temperature on Glomerella. Jn Phytopathology, v. 5, no. 5, p. 247-259, 4 fig. rors. 





3 Ames, Adeline. The temperature relations of some fungi causing storage rots. Jn Phytopathology, v. 
5,10. 1, DP. 11-19. I915. 
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this produced but very small colonies. At a temperature of 3° to 4° 
Monilia fructigena made a scant development, and at 9° to 10° all of the 
fungi made some growth, the species of Monilia and Penicillium both 
fruiting within 11 days. 


EXPERIMENTAL INVESTIGATIONS 
APPARATUS 


The experiments reported in this paper were carried out in refrigerator 
boxes constructed especially for the work. The low temperatures were 
obtained by means of a sulphur-dioxid refrigerating machine. This 
machine was stopped and started automatically by means of a tumbler 
switch and a 3-step starter and the brine thus kept within a range of 2° C. 
In the cooler months it was kept at a temperature of — 8° to — 6°, but in 
the warmer months it was necessary to carry it one or two degrees colder 
in order to obtain the required refrigeration. In testing out regulators 
it was found that a short bimetallic form was entirely unsatisfactory in 
humid weather, as the moisture condensed on the cold metal at the con- 
tact points and caused considerable trouble in the operation of the 
machine. Later, a regulator was used in which the points of contact 
were placed a long distance from the brine and the make-and-break 
brought about by means of a column of mercury under pressure; this 
was found entirely satisfactory. The brine was circulated through the 
pipes in the boxes by means of a rotary pump which was kept in operation 
all the time. Different amounts of brine were thrown into the different 
boxes by means of control valves on the pipes at the entrance to the 
boxes, thus making it possible to maintain a different temperature in 
each box. 

The walls of the boxes were 534 inches thick, sheet cork and heavy 
paper being used as insulating material. A galvanized-iron box was 
placed inside the wooden box. On the sides and bottom there was a 
3-inch air space between this inner metal box and the outer box, while 
at the top there was a space of less than an inch between the metal box 
and the brine pipes. The inner box was 2 feet high and approximately 
3 feet square. The air was circulated in each double box by means of 
blower fans that were operated constantly, one fanning the air over 
the brine pipes and through the air space between the two boxes, and the 
other stirring the air of the inside box. The air from this latter fan was 
carried across the top of the box by means of a special duct and dis- 
charged on the opposite side, thus insuring a complete circulation. A 
closely fitting slide door in the metal box made it possible to circulate 
the air from over the brine pipes directly through the inner box if quick 
cooling was desired. The temperature of the air space between the 
boxes was always kept a few degrees lower than that desired in the inner 
box, and the latter brought to the required temperature by the use of 
electric lamps. Since the brine was kept at a practically constant tem- 
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perature and was distributed to the different boxes according to the 
cooling required, only a small amount of heating was necessary to main- 
tain the desired temperature in the inner boxes, two 60-watt electric 
lamps being sufficient in any one box. These lamps were thrown on and 
off by means of ordinary telegraphic relays operated by mercury regu- 
lators. The lamps were placed in the duct that carried the air across 
the inner box, thus preventing local heating and also the accessof light 
to the fruit. 

The apparatus as described gave very satisfactory results. The circu- 
lation of the air was sufficient to maintain uniform temperatures through- 
out the box and the regulation sufficiently delicate to secure practically 
straight lines on the thermograph charts. The use of the inner box and 
the double circulation of air made it possible to maintain higher humidities 
than could have been done if the air that circulated over the fruit had 
been exposed to the drying effects of the brine pipes. 

In the 5° compartment no inner box was used; and although the air 
was stirred with a blower fan, the top of the box was about one degree 
warmer than the bottom. The temperature was regulated as with the 
other boxes and the lamps were inclosed so as to prevent lighting the 
compartment. 

For obtaining the 30° temperature mentioned in the experiments, an 
ordinary water-jacket incubator with electric heater was used. The air 
was not stirred and was about a half degree too warm in the top of the 
chamber and a half degree too cold in the bottom. 


FUNGI 


The following fungi were used in the experiments: Alternaria sp., 
Botrytis cinerea, Cephalothecium roseum, Fusarium radicicola Wollenw., 
Glomerella cingulata (Atk.) S. and §., Neofabraea malicorticis (Cord.) 
Jackson, Penicillium expansum (Lk.) Thom, Pestalozzia funerea Desm., 
Sclerotinia cinerea (Bon) Schroeter, Sphaeropsis malorum, Trichoderma 
sp., and Volutella fructi S. and H. 

They were obtained from decayed fruit collected in various parts of 
the United States, and were selected as the most virulent organisms 
from a much larger number that were found capable of producing 
more or less decay on ripe pome fruits. Each fungus was tried on 
various culture media to find a substance upon which it would make a 
good growth and good spore production. Most of the fungi were kept 
in culture on corn-meal agar. Fusarium radicicola was usually grown 
on potato agar and Penicillium expansum on either apple or potato agar. 
Only cultures that appeared to be in a vigorous condition were used. 
The inoculations were in most cases made with spores, but with fungi 
such as Sphaeropsis malorum that did not fruit readily in culture, 
mycelium was sometimes used. So far as observed, no contrasts were 
seen between the results with spore inoculations and those with mycelium. 
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INOCULATIONS ON FRUIT 


Great care was taken in selecting the fruit for inoculation, as it was 
found by preliminary experiments that the rapidity of the rot depended 
greatly upon the variety and maturity of the apples. Only fresh, crisp 
fruit was used, and the apples for a particular experiment were all of the 
same lot. Uniformity was obtained by selecting seven apples (or as 
many as there were temperatures) that were similar in size and degree of 
maturity and distributing these one each in the seven moist chambers 
that were to be placed at the different temperatures, and repeating the 
process until the desired number of apples was obtained. Except where 
otherwise stated, four apples were used at each temperature in each set 
of experiments. 

Care was taken to have the fruit in as sterile a condition as possible. 
The fleshy part of the stem next to the absciss-layer was found especially 
subject to infection by various fungi, and in order to eliminate the possi- 
bility of contamination from this source the apple stems were always 
clipped off close to the flesh of the fruit as the first step in preparing for 
inoculation. The fruit was then washed in soap and water, and this was 
followed by immersion in mercuric chlorid (1: 1,000) for three minutes, 
and, finally, the fruit was given a thorough rinsing in sterile water. 
Inoculations were made by forcing the spores or mycelium down into 
the flesh of the fruit by means of a platinum needle. The fruit was 
stored in sterile moist chambers and sufficient moist filter paper added 
to keep the air in a practically saturated condition. The fruit was cooled 
to the desired temperatures within a few hours after storage, even in the 
coldest chambers. Notes were usually taken on the fruit at intervals of 
one week. The records were made as rapidly as possible, so that the 
fruit was kept out of the particular box only for a few minutes. At the 
lower temperatures the notes could be taken still more rapidly in the 
early stages of the experiment, as the results were usually entirely 
negative. 

The culture of Sclerotinia cinerea used in the first set of experiments 
(see fig. 1) was from a peach plum from Wenatchee, Washington; one of 
those used in the second experiments (see fig. 2 and 3) wasfrom a prune 
from Vancouver, Washington, and the other from an apple from West 
Virginia. The characteristics of the different cultures indicated that 
S. cinerea had been isolated in each case, but the fungus from apples 
proved a more vigorous rot organism than the others. 

With most of the fungi the various inoculations started off together; 
but with those that were scarcely able to attack the apple, such as the 
species of Alternaria, Cephalothecium, Fusarium, Pestalozzia, and Tri- 
choderma, there was sometimes considerable difference in the time of 
starting of different inoculations under the same conditions, especially as 
the minimum temperature for the particular fungus was approached. 
In such cases all of the inoculations that were counted at the last of the 
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experiment in obtaining the average rot were also counted at the first, 
even though the record was zero. 

The comparative behavior of the different fungi is shown in figures 1, 
2,and 3. ‘The base line shows the temperature in degrees centigrade; * 
the perpendicular the diameter of the rots in millimeters. The curves 
are based on the average weekly increase in the diameter. The results 
given in figure 1 were obtained 
from inoculations made on 
March 27, 1915; those of fig- 
pot ures 2and3from inoculations 


VA made on January 21, 1916. 
;_ In the first series of experi- 
ments the moist chambers 
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of the curves in figures 2 and 
3 are relatively high at 5°. As has already been mentioned, the top of the 
5° chamber was 1° warmer than the bottom. During the last experiment 
this box was used for the storage of other fruit, sometimes resulting in the 
placing of some of the experimental fruit in close proximity to warm 
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2 Abbreviations used in text figures; Alt.= Alternariasp.; Bot.= Botrytis cinerea; Ceph.=Cephaloihectum 
roseum; Fus.=Fusarium radicicola; Glo.=Glomerella cingulata; Neo.=Neofabraea malicorticus; Pen.= 
Penicillium expansum; Pes.=Pestalozzia funerea; Pho.=Phoma pomi; Scl.=Sclerotinia cinerea; Sph.= 
Sphaeropsis malorum; Tri.= Trichoderma sp.: Vol.= V olutella fructi. 
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packages and in the crowding of some of it nearer to the top of the 
chamber. While the thermograph records did not indicate any error, 
it is probable that in the last experiment some of the fruit in the 5° 
chamber was exposed to a temperature about 1° warmer than indicated. 
The behavior of the more virulent rot fungi has been practically the 
same on one variety of apples as on another, but with the weaker or- 
ganisms the variety of apples has had an important modifying effect 
upon the temperature results. Cephalothecium roseum produced a small 
amount of rot | 


on the Yellow _—* 
Newtown at 5°, 
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the Ben Davis. Fic. 2.—Graph showing the development of rot on Yellow Newtown apples. 

The curves show the average weekly increase in diameter. With Sclerotinia 

The apparent cinerea, Sphaeropsis malorum, and Volutella fructi they are based on records 

d iff erence in made two weeks after inoculation; with the other fungi on records made three 
weeks after inoculation. 
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susceptibility of 

varieties may have been partly due to differences in ripeness of the fruit, 
as there seemed to be no satisfactory way of determining the compara- 
tive maturity of the different varieties. It was repeatedly observed that 
a slight increase in the ripeness of apples of a particular variety caused 
a definite increase in susceptibility to rot. This modifying effect of 
maturity of the fruit was particularly noticeable as the minimum tem- 
perature for the fungus was approached. In this connection it may be 
mentioned that in cases where fungi had apparently lost some of their 
rot-producing power as a result of long culturing in the laboratory this 
attenuation was particularly evident at the lower temperatures. 
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The contrasts between the temperature responses of the different fungi 
are very striking. Sclerotinia cinerea is the most rapid rot-producing 
organism tested and is less inhibited by cold than most of the other 
fungi. Sphaeropsis malorum is in general more rapid than Penicillium 
expansum; but the former is practically inhibited at 0°, while the latter 
can make little growth at 30°. The low optimum and slow rate of 
growth with Neofabraea malicorticis are particularly interesting. 

The contrasting results at the different temperatures are shown in 
; graphic manner 
in Plates 2 and 3. 

In figures 1, 2, 

i , and 3 the diam- 

80 nt . 
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Fic. 3.—Graph showing the development of rot on Winesap apples. The lar volumes have 
curves show the average weekly increase in diameter. With Sclerotinia - 
cinerea, Sphaeropsis malorum, and Volutella fructi they are based on records the same ratio 
made two weeks after inoculation; with the other fungi on records made to each other as 


three weeks after inoculation. the eabieal tale 
like dimensions, but unfortunately the masses of rotted tissue do not 
have similar shapes at the different stages in their development. The 
fungus can not spread outward, and it usually spreads laterally more rap- 
idly than it does toward the core, thus making the area of the rot a fairly 
close index of its volume. In figure 4 the curves are plotted on the basis 
of the average rot areas at the different temperatures. It will be noted 
that in most cases the increase in growth with a 10° rise in temperature 
comes within the range of the Van’t Hoff law; but there are several 
striking exceptions, Sphaeropsis malorum producing a rot area 24 times 
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as great at 25° as at 15° and Penicillium expansum showing a similar con- 
trast between 10° and 20°. It was also found that Botrytis produced a 
rot area 25 times as great at 20° as at 10° on the Ben Davis and 57 
times as great on the York Imperial. 

The progressive development of the rots is shown in figures 5 to 12. 
The curves are based on the diameter of the rot at the various tempera- 
tures after the number of weeks indicated. The temperatures are given 
on the base line 
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interest to note 
that the conditions for rapid growth are acquired much more quickly at 
higher temperatures than at the lower ones. At 20° and 25° most of the 
fungi became active rot-producing agencies within a week, but as the 
temperatures became lower, longer and longer periods of incubation were 
required. When the fungi had once become well established at the lower 
temperatures, however, the rapidity of the rotting was often most surpris- 
ing. Good examples of this necessity of incubation may be seen by con- 
trasting the growth of Sphaeropsis malorum at 15° and 20° during the first 
week with that of the second, the growth of Sclerotinia cinerea at 0° and 
5° during the same two weeks, or the growth of Penicillium expansum at 
o° and 5° in the first five weeks as compared with that of the last three. 
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The minimum temperature for some of the fungi seems to be practi- 
cally absolute, but for others it varies with the length of time the experi- 
ment has run. Fusarium radicicola was unable to develop at 15° and 
Glomerella cingulata at 10° even after long periods of storage. Neo- 
fabraea malicorticis and Penicillium expansum had produced no rot at 10° 
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Fic. 5.—Graph showing the development of the Fic. 6.—Graph showing the development of 
rot caused by Fusarium radicicola on Yellow the rot caused by Glomerella cingulata on 
Newtown apples. Yellow Newtown apples. 


at the end of two weeks nor Sphaeropsis malorium at 15° at the end of 
one week, but later all made a fair growth at 0°. At the end of two 
weeks Alternaria sp., Botrytis cinerea, and Volutella fructi had made no 
evident growth at 5°, but later developed at 0°. Sclerotinia cinerea was 
the most active at low temperatures of any of the fungi tested, making 
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a fair growth at o° by the end of the second week. Further data on the 
behavior of the various fungi at o° will be given under the heading of 
commercial cold storage. 

Fusarium radicicola had an optimum at 30° or above; Glomerella 
cingulata, Sphaeropsis malorum, Sclerotinia cinerea, and Volutella fructi 
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at 25°; Penicillium expansum at 20°; and Neofabraea malicorticis at 15°. 
It is interesting to note that the highest summer temperatures are 
unfavorable to most of the vigorous rot organisms. ‘The fact appears to 
explain numerous failures that the writers have had with fruit inoculations 
made in the hottest weeks of the summer. The graphs show that high 
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Fic. 9.—Graph showing the development of 
therot caused by Sclerotinia cinerea (apple) 
On Winesap apples. 

temperatures had a greater retarding effect upon Neofabraea malicorticis 

than upon any of the other fungi. A further illustration of this was 

found in the removal of inoculated fruit from low temperatures to higher 
ones. When apples on which Sphaeropsis malorum, Penicillium expansum, 
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and -Neofabraea malicorticis had produced small rot areas at 0° were 
removed to laboratory temperature (about 25°), the first two fungi 
rotted the fruit all the more rapidly at the higher temperature, but 
the growth of the last named was apparently entirely checked. 
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The temperatures used were not high enough to determine the maxi- 
mum for most of the fungi. Neofabraea malicorticis refused to grow at 
30° and Penicillium expansum made but a scant growth at that tempera- 
ture. 

ORCHARD-INFECTED FRUIT 


Experiments were also made with Sphaeropsis malorum and Glomerella 
cingulata, using rots that were produced by natural infection instead of by 
artificial inoculation. The condition of the apples at the beginning of the 
experiment is shown in Plate 1. The rots at this time were mere specks, 
the largest being only a few millimeters in diameter, and most of them 
much smaller. ‘The records are based on the increase in the diameter of 
the rot, the original diameter being subtracted where the initial rot was 
of measurable size. The blackrot experiments were made on Grimes 
Golden and Northwestern Greening apples. The results were so uniform 
with the two varieties that one summary is given for both. The bitter- 
rot experiments were on Ben Davis apples from Virginia. Part of the 
apples were placed in large moist chambers, the others in wire baskets. 
About a peck of apples was used at each temperature for the open pack- 
age and about half as many in the closed moist chambers. The air in 
the moist chambers was kept practically saturated. The apples in the 
open packages were exposed in air that ranged from 50 to 70 per cent 
relative humidity. The results are given in Tables I and II. 


TABLE I.—Results of natural infection with Sphaeropsis malorum—Experiment started 
on September 13, 1915 
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TABLE I1.—Results of natural infection with Glomerella cingulata 
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@ The three higher temperatures were not constant. At these temperatures the apples soon broke down 
internally, making it difficult to obtain reliable data. 

In the later stages of the experiment the development of the rots 
appeared to be more rapid in the moist chambers than in the open 
packages. This was probably due to the fact that the exposed apples 
became considerably withered as the experiment proceeded and were 
probably not so easily broken down by the rot fungi. 

The results with Sphaeropsis malorum are in close agreement with 
those obtained in the artificial inoculation experiments. This was 
also true of Glomerella cingulata, with the exception that there was no 
growth at 10° with the artificial inoculations while a slight growth was 
obtained at that temperature with natural infections. The develop- 
ment at this temperature, however, occurred, only with rots that were 
several millimeters in diameter at the beginning of the experiment. 

After two months’ exposure to temperatures of 0°, 5°, or 10° 
infections of G. cingulata developed rapidly when the fruit was removed 
to a temperature of 25°. 


APPLE ROTS IN COMMERCIAL COLD STORAGE 


Experiments were also made with apples in a commercial cold-storage 
plant, in which the temperature was held at 0° C. (32° F.). The apples 
(from the Shenandoah Valley of Virginia) were gathered on October 6, 
were received in Washington on October 16, and were inoculated on 
October 19. They were not washed, sterilized, or treated in any way 
before inoculation. The stems were not recmoved, as was the case in 
other inoculation experiments. Fruit was selected that was of uniform 
size and quality and apparently in perfect condition. Ten York Im- 
perial and ten Arkansas apples were inoculated with each fungus by 
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means of needle punctures. A like number of each variety of apples 
were allowed to stand for a few minutes in water that had been 
abundantly inoculated with spores or mycelium from cultures of the 
particular fungus. The fruit was thus well covered with possible sources 
of infection. The treated apples were divided into two lots, placed in 
paper bags, and packed in the middle of barrels with other apples 
around them. Half of the apples were taken immediately to cold storage, 
while the other half were kept in the laboratory for one week and then 
taken to cold storage. They were removed from storage on February 
28, and notes were taken immediately. The results are given in 
Table III. 


TABLE III.—Results of the development of rot on Arkansas and York Imperial apples 
in commercial cold storage. Inoculations made on October 19; notes taken on Feb- 
ruary 28 





Average diameter of rot (in millimeters). 












































Inoculated by puncture. Washed in spore suspensions. 

Fungus. Immediate |Storagedelayed Immediate | Storage delayed 
storage. 7 days. | storage. 7 days. 
Ar | York | Ar- | York | Ar- | York | Ar- | York 
kan- | Impe-| kan- | Impe-/| kan- | Impe-| kan- | Impe- 
Sas. rial. sas. rial. sas. rial. sas. rial. 
| 

Alfternaria sp. 399..........+- ° ° 6 6 ° ° ° ° 
AUPNGNG OD .995 665.65 cee ne ° ° ° ° ° ° ° ° 
Aspergillus niger. ...........4. ° ° 23 20 ° ° ° ° 
Botrytis cinered. ......000. e001 ° ° ° ° ° ° ° ° 
Cephalothectum roseum.......| 6 7 8 8 ° ° ° ° 
Fusarium radicicola........... ° ° 7 35 ° ° ° ° 
Glomerella cingulata........... ° ° 9 21 ° ° ° ° 

Mucor stolonifer....:......44. ° ° ° ° ) ° o} (4) 
Neofabraea malicorticis.........| 12 15 12 18 ro ° ° ° 
Penicillium expansum........ f| ro) ° 3 57 ° o| (2) ° 
Sphaeropsis malorum......... 5 16 25 26 ° ° ° ° 
Sclerotinia cinered.........04. 75 72 75 75 ° ° ° ° 
Volutella frucis. .......0.0.0005| ° ° 6 7 ° ° ° ° 

@ One 4s, others o. b One 7s, others o. 


The contrasts between immediate and delayed storage are quite 
striking. The species of Aspergillus, Fusarium, Glomerella, Volutella, 
Alternaria, and Penicillium produced no rot when the fruit was imme- 
diately stored at 0°; while, when storage was delayed for seven days, all 
produced more or less decay. With the first three of these probably all 
or nearly all of the rot was produced before the fruit was cooled. This 
may have been true also of Aliernaria sp. and Volutella fructi, but could 
not have been the case with Penicillium expansum on York Imperial 
apples, as the experiments already reported show that it is not able to 
produce rots 57 mm. in diameter in one week. The fact that such an 
important storage-rot as P. expansum failed to start when placed at 0° 
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but continued to grow when given a start at a higher temperature 
emphasizes the importance of immediate storage. It is interesting to 
note how little effect the delay in storage had upon Cephalothecium 
roseum and Neojabraea malicorticis. This is in agreement with the 
temperature responses shown in figures 2 and 7. The growth of 
Sphaeropsis malorum was delayed by immediate storage, and this was 
probably true of Sclerotinia cinerea also; but with the latter fungus 
no contrast was evident at the end of the experiment, as the fruit 
was practically completely rotten in the immediate as well as in the 
delayed storage. 

It should be noted that the species of Alternaria, Botrytis, Penicillium, 
and Volutella used produced no rot when stored immediately at commer- 
cial cold-storage temperature, while all have caused more or less rot at 
o° in laboratory experiments, Botrytis cinerea and Penicillium expansum 
producing rots 1 or 2 cm. in diameter in less than five weeks. It is pos- 
sible that the air in the cold-storage plant sometimes dropped slightly 
below o° C. and that the explanation of the above contrast is to be found 
in differences in temperature, but the writers are of the opinion that it 
was due to differences in the maturity of the fruit; as the apples used 
in the commercial cold-storage experiments were much greener than 
any of those used in the laboratory tests. The importance of maturity 
of fruit in determining the amount of rot at low temperatures and the 
minimum temperature for the fungus has already been pointed out. 

It is interesting to note the almost entire absence of rot in the case 
of the apples washed in spore suspensions, only two apples out of the 
total of 140 becoming infected at all and these two specimens occurring 
in the case of delayed storage. The results strongly emphasize the im- 
portance of avoiding punctures and other injuries on fruit that is to be 
held in storage. 


TEMPERATURE EXPERIMENTS ON CULTURE MEDIA 


The various rot fungi were also tested at different temperatures on 
several different culture media. The behavior of the fungi on the fruit 
is of special interest because it is on this medium that they become of 
economic importance; but the apple is a living organism and when fruit 
is kept in storage for any length of time, its condition at a high tem- 
perature will become very different from that of similar fruit kept at 
low temperatures. Consequently, in determining the behavior of fungi 
at different temperatures one must consider two living organisms, the 
parasite and the host, the former usually being favored by high tempera- 
tures and the latter being continually weakened by them. Culture 
media probably remains practically constant at the different tempera- 
tures used and therefore furnishes a fairer test of the temperature 
responses of the different fungi. It has been difficult, however, to get one 
medium which was satisfactory for the growth of all the fungi. 
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FLASK EXPERIMENTS.—In one experiment the fungi were grown on 
liquid media in 100 c. c. Erlenmeyer flasks. About 50c. c. of liquid were 
poured into each flask. Dox’s solution plus 2 per cent of dextrose was 
used with all the fungi except the species of Glomerella and Neofabraea. 
These did not grow well on this solution, so apple juice about +5 was used 
as a substitute. The flasks were placed at the particular temperatures 
immediately after inoculation. The experiment was started on April 
16 and was concluded two weeks later. The fungus growth was 
filtered out by means of 
filter papers that had 


5 previously been dried 
_ and accurately weighed. 
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Fic. 13.—Graph showing the growth of apple-rot fungi in liquid in this case given practi- 

seni cally none. Neofabraea 
malicorticis has also given little contrast but did not show great sensi- 
tiveness to temperature in the experiments on fruit. With the species of 
Botrytis, Penicillium, and Aspergillus used there was a very decided drop 
in growth between 25° and 30°. Botrytis cinerea and Aspergillus niger 
had an optimum at 25°, while the optimum for Penicillium expansum 
was 20° instead of 25° as in the experiments on fruit. None of the fungi 
made enough growth at 0° to produce a measurable quantity of mycelium. 
With many of them there was no evident growth. All of these, however, 
produced a vigorous growth when later removed to warmer temperatures. 
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PETRI-DISH EXPERIMENT.—It was found much more satisfactory to 
test the growth of the fungi on agar in petri dishes than by the use of 
flasks. Growth was more uniform, more easliy measured, and the 
results apparently were more reliable. In these experiments corn-meal 
agar was used for all of the fungi. The culture medium was poured into 
the dishes, and inoculations were made near the center of the plates as 
soon as the agar had cooled. Plates were made up in duplicates in all 
cases. They were allowed to stand in the laboratory for 24 hours after 
inoculation had been made and were then placed at the various tem- 
peratures indicated. In the first series of experiments no measurements 
of the colonies were taken at the end of this first 24 hours, but records 
were made after 4, 6, and 17 days. Figure 24 shows the results obtained 
at the end of 6 days after iuoculation. In the second series of experi- 
ments measurements were taken at the end of the 24 hours at laboratory 
temperature and later measurements at the times indicated. The rate 
of development of the various fungi in this experiment is shown in figures 
14 to 23. The graphs show the increase in the diameter of the colonies 
at the end of 2, 4, 6, 8, 18, and 34 daysfrom the time of placing the 
cultures at the given temperatures. The comparative temperature 
responses of the different fungi is brought out in figure 25. In this 
figure the curves show the average daily increase in diameter after the 
end of the first day in storage. By not including the growth made in 
the day at laboratory temperature nor the growth in the first day at the 
storage temperatures it was thought that a more accurate record of the 
temperature responses of the fungi would be obtained. The base line 
represents temperature in all cases, and the perpendicular the diameter 
of the growth in millimeters. 

A study of figures 14 to 23 as compared with figures 4 to 12 makes it 
evident that the rate of growth did not increase with time in the petri- 
dish experiments as it did in the experiments with apples, the fungi, 
with the exception of Sphaeropsis malorum, making as great increase in 
growth at both low and high temperatures during the first days of the 
experiment as they did during the later ones. 

In comparing the growth on apples with that on corn-meal agar it 
will also be noted that in the latter case fewer of the fungi show a ten- 
dency to lower the minimum with the longer periods of time. This is 
partly accounted for by the fact that more of the fungi grew at the 
lower temperatures on the corn meal from the beginning of the experi- 
ment. Fusarium radicicola had made no evident growth on apples at 
15° after five weeks nor Glomerella cingulata on apples at 10° after eight 
weeks, but both grew on corn-meal agar at 5° from the first. Neofabraea 
malicorticis and Penicillium expansum made no growth on apples at 10° 
after two weeks, but the former grew on corn-meal agar at o° from the 
beginning of the experiment and the latter had made a start at that 
temperature by the end of the fourth day. Volutella fructi had made no 
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evident start on apples at 5° after two weeks, but grew on corn-meal agar 
at o° from the first. Sphaeropsis malorum, however, showed the same 
slowness in starting on corn-meal agar at low temperatures that it had 
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Fic. 14.—Graph showing the growth of Al- 
ternaria sp. on corn-meal agar in petri 
dishes. 


Fic. 15.—Graph showing the growth of 
Botrytis cinerea on corn-meal agar in petri 
dishes. 





on apples and, contrary to the fungi already mentioned, it grew at a 
lower temperature on apples than on the agar. The above contrasts 
show that with nearly all of the fungi studied the period of incubation 
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Fic.17.—Graph showing the growth of Fusarium 
radicicola on corn-meal agar in petri dishes. 


Fic. 16.—Graph showing the growth of Cephalothe- 
cium roseum on corn-meal agar in petri dishes. 


that was pointed out as important in the experiments with apples has 
much less significance when the same fungi are grown on corn-meal agar. 

The contrast between the growth on apples and that on agar at low 
temperatures becomes still more striking when we consider that in the 
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plotting of the curves for figures 14 to 23 and also for figure 25 the growth 
during the 24 hours at laboratory temperature was always deducted 
from the final growth, a thing which could not be done in the case of the 
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Fic. 18.—Graph showing the growth of 
Glomerella cingulata on corn-meal agar in 
petri dishes. 
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Fic. 19.—Graph showing the growth of 
Neofabraea malicorticis on corn-meal agar 
in petri dishes. 


apple experiments, as the effects of the fungi were not evident at the end 


of one day. 


It was thought that, since the agar probably remained practically 
uniform at the different temperatures and the apples were evidently 
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Fic. 20.—Graph showing the growth of 
Penicillium expansum on corn-meal agar 
in petri dishes. 
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Fic. 21.—Graph showing the growth of 
Sclerotinia cinerea on corn-meal agar in 
petri dishes. 


ripened and weakened by the higher ones, the optimum for some of the 
fungi might be lower on the former than on the latter and that there 
might be more sudden drops above the optimum with the former. A 
comparative study of the results, however, does not indicate this. 
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Some of the fungi that furnished little temperature.contrast on the 
apples gave quite striking ones on agar. This is especially noticeable 
with Cephalothecium roseum, but it also occurs with Aliernaria sp. and 
Botrytis cinera. On the other hand, the species of Sclerotinia, Peni- 
cillium, and Sphaeropsis used have given relatively less temperature 
contrast on corn-meal agar than on apples. (See figs. 1, 2, 25.) A 
medium favorable to the fungus apparently intensifies the temperature 
contrasts. 

While there are the differences already pointed out in the temperature 
responses of the various fungi on the two media, the curves plotted for 
growth on corn-meal agar are on the whole in quite close agreement with 
those for growth on the fruit, showing that the temperature response is 
largely determined by the organism itself. 
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Fic. 22.—Graph showing the growth of Fic. 23.—Graph showing the growth of Volu- 
Sphaeropsis malorum on corn-meal agar in , tella fructi on corn-meal agar in petri dishes. 


petri dishes. 


It will be noted that the curves for the petri-dish experiments, like 
those for the apple rots, have been plotted on the basis of the diameter 
rather than the area, thus giving relatively low values to the growth in 
the larger colonies and making the contrasts too small between the high 
and low temperatures and between the early and late stages of the 
experiment. 

GERMINATION AT LOW TEMPERATURES 


The above experiments with petri dishes furnish data as to the growth 
of the fungi at various temperatures when the cultures had been exposed 
for 24 hours in the laboratory before being placed at the temperatures 
of the experiment. A later test was made on corn-meal agar in which 
the petri dishes were inoculated as already described but were placed 
at the desired temperatures immediately. Notes were taken at the times 
indicated in Table IV. 
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TABLE IV.—Results of germination experiments with various apple-rot fungi. 
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There was little contrast between the germination at 10° and that at 
5°. At both these temperatures Alternaria sp., Glomerella cingulata, and 
Penicillium expan- * 
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Pasar tied Fic. 24.—Graph showing the comparative growth of the different rot fungi 
USAaYIUM TAACI- op corn-meal agar petri dishes, first experiment. The curves show the 
cola, Penicillium ex- average daily increase in diameter during the first six days of the ex- 
periment. 
pansum, and Sclero- 
linia cinerea were fruiting by the end of the month, and Cephalothecium 
roseum had made a good growth, but Glomerella cingulata and Pestalozzia 
junerea had produced colonies but a few millimeters in diameter. After 
31 days at 5° the species of Alternaria, Botrytis, Penicillium, and Sclero- 
tinia used were fruiting, while the colonies of Cephalothecium, Fusarium, 
Glomerella, and Pestalozzia had barely made a start. At 0° P. expansum 


67907°—17——3 








160 Journal of Agricultural Research Vol. VIII, No. 4 





had produced colonies 3 mm. in diameter and was fruiting by the end of 
the month; B. cinerea and S. cinerea had produced colonies 0.5 mm. in 
diameter, but Adternaria sp. had little more than germinated. 

A second series of germination tests was made in which the above 
results were confirmed. In this experiment it was also found that the 
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Fic. 25.—Graph showing the comparative growth of the different rot fungi on 
corn-mecl agar petri dishes, second experiment. The curves show the average 
daily increase in diameter. With Botrytis cinerea and Trichoderma sp. they 
are based on the increase in diameter between the second and filth days after 
inoculation, with Sphaeropsis malorum on the increase between the second and 
seventh days, and with all the other fungi on the increase between the second 
and eighth days. 


spores of Neofabraea malicorticis germinated at 0° and that the fungus 
had fruited at that temperature at the end of 60 days. 

The above results show that with a favorable medium Penicillium 
expansum is able to make a better start at o° than any of the other 
fungi. The fact helps to explain its common occurrence in cold storage 
and is in agreement with the idea already suggested that its failure to 
grow on rather immature fruit at 0° is due in part to its weak parasitism. 
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DISCUSSION OF RESULTS 


A comparison of the different tables and figures shows that the tem- 
perature response of a particular organism is modified by the medium 
upon which it is grown. The contrasts have been particularly striking 
between the behavior of the fungi on the living fruit and on dead organic 
matter. On corn-meal agar most of the fungi have grown from the first 
day even at rather low temperatures, while on apples there has usually 
been an initial incubation period of very slow growth which gradually 
passed over into a later one in which decay proceeded rapidly. In the 
initial stages of growth on the fruit the fungus must live almost entirely 
as a parasite and has not had time to build up reserve food material or 
secrete enzymes in quantity, while in the later stages it has a continually 
increasing mass of mycelium and the possibility of obtaining much of 
its food saprophytically from the tissue already broken down. The 
initial incubation stages of decay have been much more inhibited by 
low temperatures than the later stages, leading in some cases to a delayed 
development of rot and in others to a total prevention of it at a tem- 
perature at which the fungus was capable of making a rapid saprophytic 
growth. The inhibition at low temperatures was more pronounced with 
immature fruit than with mature specimens and with weak parasites than 
with strong ones. 

Glomerella cingulata was unable to make any growth at 5° or 10° and 
Fusarium radicicola at 15° on Yellow Newtown or Winesap apples, but 
both fungi grew well on corn-meal agar at all three of these temperatures. 
Neofabraea malicorticis and Penicillium expansum had produced no evi- 
dent rot on Winesap apples at 0°, 5°, or 10° at the end of two weeks, but 
they finally caused fruit decay at all these temperatures. Both grew from 
the first day at 5° and 10° when inoculated into corn-meal agar, and both 
had made a measurable growth on this medium at o° by the end of the 
second day. Similar contrasts were found with several of the other fungi, 
but were not evident with Sclerotinia cinerea and Sphaeropsis malorum, 
two of the more distinctly parasitic fungi tested. The former was com- 
paratively little delayed at low temperatures on either fruit or corn-meal 
agar; the latter was greatly delayed at 0°, 5°, and 10° on both food 
materials. 

The early stages of the rots were not only partially inhibited by low 
temperatures but sometimes entirely prevented at temperatures at which 
the later stages could develop. In the commercial cold-storage experi- 
ments it was found that Peniciliwm expansum was able to make a good 
growth at 0° on fruit on which it was entirely unable to make a start at 
that temperature. This could not have been a question of germination, 
as the fruit was in the center of the barrel, and there would have been 
ample time for this to have taken place before the cooling was completed. 
This fact is very significant in showing the value of immediate as com- 
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pared with delayed storage. Most of the rot fungi are able to make but 
a very slow growth at o° and 5° if placed at once at those temperatures; 
but if they go into storage with the accumulated energy of a week’s 
growth or more the results are likely to be very different. 

With the weakest parasites the maturity of the fruit has also had a 
modifying effect, the fungi having a lower minimum on the ripe than on 
the green fruit. This was evident with the apples of a particular variety 
inoculated at the same time and is also the most probable explanation 
for some of the contrasts in the results on the different varieties tested. 
At 0° Penicillium expansum, for instance, was able to produce a measur- 
able rot on the York Imperial and Ben Davis by the end of 5 weeks, on 
the Yellow Newtown and Winesap that were slightly greener by the end 
of 8 weeks; but on still less mature York Imperial and Arkansas apples 
it had produced no rot at this temperature after 18 weeks. 

Experiments have shown that practically all of the rot fungi are able 
to germinate at 5° and most of them at o°. Germination is somewhat 
delayed at the latter temperature; but this does not seem to be the whole 
explanation for delayed growth on fruit at low temperatures, since in 
most of the experiments made time was given for germination before the 
fruit was placed in storage. It is of interest to note that while P. expan- 
sum was the first to germinate at 0° it is comparatively slow in making a 
start on fruit at that temperature. With P. expansum and probably with 
others of the weaker parasites cold storage inhibits the initial stages of 
the rotting more than it does germination. 

While the minimum temperature for the various fungi has varied greatly 
with the food material, there has been little shifting of the optimum under 
the same conditions. A/lternaria sp. and Fusarium radicicola have an 
optimum at 30° or above; Botrytis cinerea, Giomerella cingulata, Penicil- 
lium expansum, Sclerotinia cinerea, Sphaeropsis malorum and Volutella 
fructi at 25°, and Cephalothecium roseum and Neofabraea malicorticis at 20°. 

The temperature curves are all plotted on the basis of diameter of the 
rot or of agar colony. On this basis the increased growth with a rise of 
temperature usually comes within the limits of the Van’t Hoff law, the 
diameter becoming two to three times greater with each 10° rise in tem- 
perature; but as has already been pointed out, this method of estimation 
does not give full value to the increase in size in the larger rots and larger 
agar colonies. Curves plotted on the basis of area would come within the 
limits of the Van’t Hoff law in most cases; but there would be some 

.striking exceptions, Sphaeropsis malorum producing a rot area 16 times 
as great at 25° as at 15°, and Botrytis cinerea an area 25 times as great 
at 20° as at 10°. 

SUMMARY AND CONCLUSION 

(1) The behavior of Alternaria sp., Botrytis cinerea, Cephalothecium 
roseum, Fusarium radicicola, Glomerella cingulata, Neofabraea malicorticis, 
Penicillium expansum, Sclerotinia cinerea, Sphaeropsis malorum, and 
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Volutella fructt has been studied at different temperatures and under 
various conditions. 

(2) In the inoculations on apples all of the fungi grew at 0° except the 
species of Fusarium and Glomerella, the former making no growth at 15° 
and the latter none at 10°. Sphaeropsis malorum had produced no evi- 
dent rot at 15° by the end of one week nor the species of Penicillium and 
Neofabraea at 10° by the end of two weeks, while Sclerotinia cinerea pro- 
duced measurable rots at 5° in one week and at 0° in two weeks. Neo- 
fabraea malicorticts had an optimum at 20°, Fusarium radicola at 30°, 
and all the other fungi at 25°. With most of the organisms the growth 
rate dropped off rapidly above 25°, but with the exception of N. mali- 
corticis all made some growth at 30°. 

In commercial cold-storage experiments on rather immature fruit 
Penicillium expansum continued to develop at 0° in the case of delayed 
storage, but was unable to grow at that temperature in the case of 
immediate storage. 

(3) On corn-meal agar in petri dishes all the fungi used but the 
species of Cephalothecium, Fusarium, Glomerella, and Sphaeropsis grew 
at o°, while these four made a fair growth at 5°. The optimum and 
maximum temperatures for the various fungi were the same as in the 
fruit-inoculation experiments. 

(4) The spores of the species of Alternaria, Botrytis, Penicillium, and 
Sclerotinia had germinated in corn-meal agar at o° at the end of one 
month; but those of the species of Aspergillus, Cephalothecium, Fusa- 
rium, Glomerella, and Pestalozzia had not. At 5° germination had 
taken place with all of them but Aspergillus niger at the end of the 
month. 

(5) The temperature responses of the various fungi have been greatly 
modified by the food material upon which they were grown. Fusarium 
radicicola and Glomerella cingwaia had a lower minimum temperature 
on corn-meal agar than on fruit and the early growth of the species of 
Alternaria, Botrytis, Neofabraea, and Penicillium used was much less inhib- 
ited on corn-meal agar at low temperatures than on the apples. In the 
case of fruit inoculations with Penicillium expansum and others of the 
weaker parasites the minimum has varied with the maturity of the fruit. 

(6) With most of the fungi the initial incubation stages of growth 
on the fruit have been more inhibited by low temperatures than the 
later ones. With the weaker parasites like Penicillium expansum it 
is apparently this initial stage of decay rather than germination that 
determines the minimum temperature for fruit rot. 

(7) The results show the importance of immediate as compared 
with delayed storage; the value of temperatures of 5° or 10° in short 
periods of storage and of 0° in longer ones and that the minimum tempera- 
ture will vary with the prevalent fungus and with the variety and matur- 
ity of the fruit. 





PLATE 1 


A.—Grimes Golden apple affected with blackrot, showing character of the natural 
infections with Sphaeropsis malorum that were used in the temperature experiments, 
B.—Ben Davis apple affected with bitter-rot, showing the character of the natural 
infections with Glomerelia cingulaia that were used in the temperature experiments. 


(164) 
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PLATE 2 


Yellow Newtown apples, showing the behavior of Sclerotinia cinerea at different 
temperatures, the apples being placed in the order of the temperatures used: 

A.—Results obtained with a culture of S. cinerea from a peach after two weeks at 
0°, a7; a6, 36" 86, 38°, 0" C. 

B.—Results obtained with a culture of S. cinerea from an apple after one week at 
o> 5; 10, 3% , 40 545 5 0 & 

C.—Results obtained with a culture of Sphaeropsis malorum after two weeks at 
0°. a, a9", 10°, 90", 48°, 30. C. 

D.—Results obtained with a culture of Penicillium expansum after two weeks at 
o°, 8", 30°, 8°, a6"). 68°, go" C. 





PLATE 3 


Yellow Newtown apples, showing the behavior of apple-rot organisms at different 
temperatures, the apples being placed in the order of the temperatures used. 

A.—Results obtained with a culture of Volutella fructi after two weeks at 0°, 5°, 
10°, 15°, 20°, 250, 30° C. 

B.—Results obtained with a culture of Glomerella cingulata after two weeks at 0°, 
gq"; 26"; 557) 30°71 85"; GOs © 


C.—Results obtained with a culture of Neofabraea malicorticis after three weeks at 
©, 80 88°00 es", g0° C. 

D.—Results obtained with a culture of Neofabraea malicorticis after five weeks at 
eo", §°, 20°, tg", © 
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